Current fluctuations in a spin filter with paramagnetic impurities 
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We analyze the frequency dependence of shot noise in a spin filter consisting of a normal grain 
and ferromagnetic electrodes separated by tunnel barriers. The source of frequency-dependent 
noise is random spin-flip electron scattering that results from spin-orbit interaction and magnetic 
impurities. Though the latter mechanism does not contribute to the average current, it contributes 
to the noise and leads to its dispersion at frequencies of the order of the Korringa relaxation rate. 
Under nonequilibrium conditions, this rate is proportional to the applied bias V, but parametrically 
smaller than eV/h. 
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Recently, fundamental and applied aspects of spin- 
dependent transport attracted significant attention of 
physicists»i One of the prototype devices realizing this 
type of transport is a spin filter based on the use of fer- 
romagnetic (FM) electrodes. In such a device, one of the 
electrodes may be viewed as " polarizer" that generates a 
spin-polarized current and the other, the "analyzer", col- 
lects it. Current through the spin filter can drastically 
vary depending on the mutual orientation of electrode 
magnetizations. 

An important characteristic of a mesoscopic device is 
its nonequilibrium noise, ^ which is due to randomness 
of electron transport and provides an important infor- 
mation about its nature. Fluctuations of current in a 
quantum dot with FM electrodes were considered in the 
Coulomb blockade regime^'4 and without iti^ Nonequi- 
librium noise in a diffusive conductor with different mu- 
tual orientations of magnetizations in the leads was also 
studied.^ More recently, several authors focused on the 
noise in diffusive spin filters caused by spin-flip scatter- 
ing, which plays a crucial role in transport between elec- 
trodes with different magnetizations. This work was pi- 
oneered by Mishchcnko,'' who analyzed the noise in two- 
terminal diffusive spin filters for parallel and antiparallel 
magnetizations of electrodes and found a significant in- 
crease of shot noise in the latter case as compared to 
the conventional diffusive contacts. Calculations of shot 
noise caused by spin-flip scattering were also performed 
by other authorsi^ Shot noise and cross-correlations of 
current for multiterminal spin filters with spin-flip scat- 
tering were calculated^' as well. A frequency depen- 
dence of the shot noise in a quantum dot with spin- 
flip scattering connected with FM electrodes by ballistic 
point contacts was calculated-i by Mishchenko et al. 

In the absence of a magnetic field, spin-flip scattering 
in metals is dominated by spin-orbit processes and colli- 
sions of electrons with magnetic impurities. Though both 
these processes affect the spin of an individual electron 
and manifest themselves in weak-localization corrections 
to conductivity, only spin-orbit scattering contributes to 
the relaxation of average spin current; scattering off mag- 
netic impurities conserves the total spin of the electron 



- impurity system and therefore the impurities eventu- 
ally become polarized by incident electrons. The goal 
of the present paper is to study the relative importance 
of these two scattering mechanisms for the shot noise 
in spin filters. The principal difference between them 
is that the spin-orbit scattering changes only the spin 
of the electron and not the state of the ordinary im- 
purity from which it is scattered. In contrast to this, 
spin-flip scattering off magnetic impurities results in a 
change of both impurity and electron spins thus affect- 
ing the ability of an impurity to flip an electron spin 
in the future. This results in impurity-induced correla- 
tions between electrons and therefore the spectral den- 
sity of the noise of current should reflect their dynam- 
ics. Typically, the electron spin-orbit scattering time 
is much shorter than the time of spin-exchange scatter- 
ing on paramagnetic impurities. Therefore, the impu- 
rity spin-relaxation time should manifest itself in the fre- 
quency dependence of the noise spectrum. We calculate 
the spectrum of the noise in a spin filter at frequencies 
much smaller than the charge-relaxation time and show 
that it exhibits features characteristic of the impurity- 
spin relaxation. 



I. EQUATIONS FOR THE AVERAGES 



The system we consider consists of a normal-metal 
grain connected with two ferromagnetic electrodes via 
tunnel junctions with conductions much smaller than 
that of the grain yet larger than e^/fi. so that Coulomb 
blockade does not occur. The level spacing is negligible 
compared to charging energy e^/C in a typical metallic 
grain. We also neglect the electron-phonon and electron- 
electron scattering. The polarizations of electrodes lead 
to spin-dependent tunneling rates, as the latter are pro- 
portional to the density of states of electrons with a given 
spin projection. 

The average distribution functions of spin-up and spin- 



2 



down electrons, fa (cr = ±1) are described by equations 



dt 



= TLa[h{e-eV/2)- fa 
+ TRMe + eV/2)- fa 



— ifa-f-.) 



^- (1) 



Here F's are the tunneling rates through the left and 
right barriers for spin-up and spin-down electrons, /0(e) 
is the equilibrium distribution function of electrons, Tgo is 
the spin-orbit scattering time, and S'^(e) is the electron- 
impurity collision integral. The spin-flip part of the col- 
lision integral, evaluated in the lowest (second) order of 
perturbation theory in J, has the form 



Sl{e) = J^NF[naf-a{l-f. 



rfAl-f-a)]. (2) 



where J is the constant of exchange interaction between 
the itinerant electrons and impurity spin, Np is the den- 
sity of electron levels in the grain, Ua are concentrations 
of spin- up and spin-down impurities, and U is the elec- 
tric potential of the grain. All scattering processes ac- 
counted for in Eq. Q ^'I'S elastic (in the second order in 
J, relaxation of electron energy in scattering off magnetic 
impurities does not occui*i5,). 

The relaxation of impurity spins in metals is also 
mainly due to interaction with electrons. In equilibrium, 
this mechanism is known as Korringa relaxationi^ and 
the corresponding relaxation rate is proportional to the 
electron temperature. In the case of an arbitrary electron 
distribution, the dynamics of impurities is described by 
a kinetic equation 



dua 



Np / deSl 



(3) 



This equation is compatible with the conservation law 
^ Ua = n = const. The stationary solutions of these 



equations are found from the conditions 



dfa 

dt 



-0, 



'dt 



-0, 



It suggests that under the stationary conditions, the mag- 
netic impurities do not affect the average distribution 
function of electrons and current. However they still con- 
tribute to the noise, as will be shown below. 



II. THE LANGEVIN EQUATIONS 

The dynamics of fluctuations is conveniently described 
by a set of coupled Langevin equations for the rele- 
vant distribution functions. Such equations are derived 
by varying properly the kinetic equations, and adding 
Langevin sources to the result of variationsii^ For the 
spin filter we consider, the proper distribution functions 



are those of spin-up and spin-down electrons and mag- 
netic impurities. The Langevin equations for these func- 
tions read 



Ra 



Tso of a / 



1 , dSl 

Tso df-a 

dfa d6U 
de dt 



Sf-a 



dSl 

dUa 



dS. 



- SjLa - Sj 



Ra 



dn^ 



(4) 



where Sa is given by Eq. Q and 6jaa, SF§° = aFgo, 
and SF^ = aFi are Langevin sources related to tunneling 
of electrons with spin a/2 through the left {a = L) and 
right (a — R) barriers, spin-orbit scattering, and spin- 
impurity scattering, respectively. The dynamics of the 
impurities is described by Langevin equations 



d 

dt^ 

= -Np 



Np / de 



dsi 

dUa 



dSl 



de 



^5fa 
dfa 



dS. 



df-a 



^Sf- 



Np / de6F' 



(5) 



where the relation Sua = —Sn-a was taken into account. 

Fluctuations of the currents flowing into the left and 
right electrodes can be expressed in terms of Sf and Sj, 



6Ia = eNp 



E 

a=±l 



de {TaaSfa + Sjaa), a = L,R. 



(6) 

To complete the set of equations, we relate the fluctu- 
ation of the electric potential of the grain dU, to the 
fluctuations of the currents flowing into the grain. Such 
relation follows from the charge conservation law and the 
definition of the electrostatic capacity of the grain C: 



d_ 

dt 



6U 



{SIl + 5Ie 



(7) 



It is natural to treat the Langevin sources Sjaa, SFso, 
and 6Fimp as independent because they correspond to 
different scattering processes. As the scattering is as- 
sumed to be weak, it may be considered Poissonian, and 
the correlation functions of the Langevin sources in these 
equations may be written as the sums of outgoing and in- 
coming scattering fluxes. 



{SFso{ei,ti)5Fsoie2,t2)) = 6iti - t2)6iei ~ e2) 

^ ■ J2 (8) 

cr = ±l 



NpTs. 



{SFimp{£l,ti)5Firnp{e2,t2)) = 5{ti - t2)5{ei - £2) 

J2 



'N. 



J2 naf-a{ei)[l-faiei)], (9) 



cr=±l 
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{Sjaa{£l,tl)Sjaa{£2,t2)) = S{ti - t2)S{ei ~ £2) 

x^{/.(£i)[l-/o(ei-ey/2)] 

+/o(ei-ey/2)[l -/,(£!)] }• (10) 

Equations - (|10|l allow us to find the correlation func- 
tions of any observable quantity, e.g. of the current. 



Considering for simplicity the case of symmetric junc- 
tions, Tlx — Fi^ -i = F, we find 

, (1 + rr,o)/o(£ - aeV/2) + foje + aeV/2) 

= ^Tf^o • ^''^ 

The steady impurity concentrations Ua- are determined 
by setting dric/dt = in Eq. Q, and accounting for the 
conservation condition fir, + n^n = 



III. PARALLEL MAGNETIZATION OF 
ELECTRODES 

First consider the case of a parallel magnetization of 
electrodes. Suppose that both left and right electrodes 
have spin-up magnetization so that only spin-up electrons 
can cross the interfaces with the normal metal. This 
can be modeled by setting Tl,~i — Fj^^_i = 0. The 
stationary solution of Eqs. and Q is 



U{e) 



Fli/o(£ - eV/2) + Ffli/o(£ + eV/2) 
Fli -I- Tri 

n„ = n/2. 



As we are interested in frequencies much smaller than the 
inverse charge-relaxation time, we may set C = in Eq. 
{71), which reduces it to 81 l + 51 r = 0. Together with 
Eqs. I©, this gives 

^/.=eA^./d£^i^^^4^H^. (12) 

Making use of Eqs. pU|l and Hll|) . one readily obtains 
that in the low-temperature limit, 



{5ll)^ = e'NF 



TliTri{T\x + F^i) 



(FL1+Ffl,i)3 



V, 



while the average current is 



FliF 



Rl 



Fli + Ffli 



■V. 



(13) 



(14) 



These results suggest that for the parallel magnetizations 
of electrodes, neither the average current nor the noise 
are affected by spin-flip processes and the whole system 
behaves like a normal double tunnel junction with the 
density of states reduced by half. This is in a marked 
contrast with the case of a normal grain whose material 
has nonzero resistanceji where the spin-down sub-band 
in the grain contributes substantially to the current. 



IV. ANTIPARALLEL MAGNETIZATION OF 
ELECTRODES 

In the case of antiparallel magnetization of the leads, 
electron transport is associated with the spin-flip pro- 
cesses in the normal grain (we assume that the magneti- 
zation in the leads is saturated, and Fl._i = Tri = 0). 



n ^ Jde E fA^-f-a) 

(T=±l 



(16) 



Our goal now is to obtain closed Langevin equations for 
fluctuations dua- and 5U by eliminating 5f^ from them. 
Then we can substitute the solutions of these equations 
back into the equation for 5 fa and calculate the fluctua- 
tion of current. 

Fluctuations of the distribution functions Sfa^ of the 
spin-up and spin-down electrons can be found from the 
Langevin equations Q 



(11) 6Me,u;) = 



{-iuj + T + rj-a) 




where 



and 



1 

Tso 



7e(£) = F + ?7cr + V-o- 

is the effective relaxation rate due both to tunneling and 
all types of spin-flip scattering. It follows from Eq. H15|) 
that 1 /-cr(£) = /(t(— e), and therefore 



(18) 



Hence, rj„{e) = rj^„[~e) and 7s(£) = li:{-£)- 

By substituting 6fa from Eq. H17|) into Eq. one 
obtains for the fluctuations of impurity polarization 



(jNf 



-iuj + CI(lu) 



de 



Ct CT— ±1 



(19) 
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Here 



gives 



nt ^ AT I A + r + 2/t,o dSl 
Q(uj) ^ Np / de : — -— ^ (20) 



gives at w — > the inverse relaxation time of the impurity 
spins; coefficients 



E (21) 



and 



[1 + T^oi-iu + T)]dsi/du + g^^/g/-. 

Tsoi-iuj + r)[-iuj + 7e(£)] 



(22) 

relate the fluctuations (Jricr to Langevin sources. Note 
that Y„{e,Lj) ~ Y_„{—e,uj). 

Using Eqs. ^ and 10 we now calculate SU 

iojCSU = eNp [ de J2 \ ^^f'^ + E ^^""^ ] ' (^^^ 

cr=±l V a J 

Substituting the sum of solutions from Eq. (|f 7(1 

E '5/'^ = -^-^ E — ^^^^+E'5^-) 

cr— ±1 (7— ±1 \ a / 



into Eq. p3(l and integrating out the derivatives, one 
obtains a closed expression for 6U in the formic 



-iLj + r + 2 — — — 1 0(7 = — — 



/ E E 

■J ... Li 



a fj— ±1 



(24) 

Because the grain is sufficiently large, the second term 
in the parentheses in the left-hand side of Eq. (|24|l may 
be neglected as compared to the third term. The large 
coefficient e^Np/C in the last term in parentheses is pro- 
portional to the ratio of the charging energy to the level 
spacing. As we are interested in frequencies much smaller 
than the inverse charge-relaxation time, Eq. \2A\ reduces 
to 



^ a a=±l 



(25) 



Now we are able to express the fluctuation of current 
SIl in terms of Langevin sources 5Jaa, SFimp, and SFso- 
For that, we substitute now Eq. ((T7jl for Sf„ into Eq. © 
for SIl- Making use of the identity H18(l . one may elimi- 
nate the integration over e. Substitution of SU from Eq. 
(|25|l and Srii from Eq. p9|) into the resulting expression 



SIl ^ eNp de I 

U=±i L 

TnYAe,uj) 



{-iiv + r){-iuj + 7s) 



{-iuj + r + 2/Tso){-iLu + n) 
1 n{i-x) 



r 



X SF,mp + T 



1 



-iUJ + 7j; 

nx 



{-iuj + r + 2/Tso)(-icj -I- f2) 



SF,, 



(26) 



As the Langevin sources Sjaa, SFimp, and SFso are inde- 
pendent, multiplying Eq. (|26|) by its complex conjugate 
and taking into account the expressions for the correla- 
tors of these sources © - (|1U|I . one obtains the spectral 
density of the noise as the sum of three terms related 
with the three types of scattering 

= E + ^-(^) + ^'H, (27) 



cr=±l 



where 



Pa{uj) = e^NpT / de 



-i{uj/2){-iuj + 7s) + T7]a 



{-iuj + T){-iuj + 7s) 



(7Tn{uj)Y„{e,uj) 



{-iuj + r + 2/Tso)[-i^ + ^{uj) 
X [fAe)[l- Ue-aeV/2)] 
+ U{e-aeV/2)[l- f,{e)]], (28) 



Psolyj) = / de 



1 



-iuj + 7s 



Vl{uj)X{uj) 



{-iuj -t- F 2/Tso){-iijJ + ^) 

a=±l 



(29) 



and 



P,{lo) ^ e^NpJ^r^ J de 



1 



-iuj + 7s 



n{cu)[l- X{uj)] 



{-iuj + T + 2/Tso)i-iuj + Q) 



(30) 



(T = ±l 
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The general expressions Eqs. (|27|l - (|30|l for the spec- 
tral density are too cumbersome to be analyzed, and 
therefore we restrict ourselves to several interesting lim- 
iting cases. We assume that in all cases T = 0. 

The average current through the system is 



2 + rr,„ 



(31) 



Note that / ^ at Ftsq ^ cx) as no electron can pass 
through the filter without flipping its spin. 

The noise properties of a system are often described 
by a frequency-dependent Fano factor F = {Sl1)uj/I- In 
the absence of magnetic impurities, the Fano factor is 



2 (2 



(t^2 + 2F2)(2 + FT,o)-t-8(l + rr„ 



■rr,o)[a>2T|„ + (2 + rT,o)2] 



(32) 



It exhibits positive dispersion for small Ttso and negative 
dispersion for large Ttso (see Fig. 1). Its dependence on 
the dwell time of an electron 1 /F in the grain with tunnel 
junctions is different from the case of a grain with ballistic 
contactsii both at zero and nonzero frequencies. 

The presence of paramagnetic impurities leads to an 
additional frequency dispersion of the noise. The char- 
acteristic frequency ujq of that dispersion is of the order 
of inverse spin- flip time for these impurities. At T = 
and within the lowest order perturbation theory in J, it 
is proportional- ii to the applied bias V and therefore can 
be made much smaller than t~J-. In what follows, we will 
assume that this is the case. As the noise now depends 
on V nonlinearly, it is more convenient to consider its full 
value rather than the Fano factor. In the limit Ttso 1, 



(33) 



where ojo{V) — eVNpj'^ /2 is an analogue of inverse Ko- 
rringa relaxation time with eV in place of T. The low- 
frequency dispersion originates from the fluctuations of 
the number of spin-up and spin-down impurities, which 
modulate the overall spin-flip rate of electrons in the 
grain and result in fluctuations of the transport current. 
It is absent in the case of purely spin-orbit scatteringiii 
For arbitrary values of Ttso, one can make use of the 
difference in the frequency scales between the spin-orbit 
and impurity-spin relaxations and isolate the part of 
{6l1)u) that exhibits low- frequency dispersion. It has a 
form similar to Eq. H33|) 



with a modified spin-flip frequency of impurities 

l + (l + xf 



niO) = 2u;o{V)B{rT,o), B{x) 



{2 + xf 



(34) 



(35) 




co/r 



FIG. 1: The frequency dependence of the Fano factor in 
the absence of magnetic impurities for Vtso = 1 (solid line), 
Ttso ~ 4 (dashed line), and Ttso ~ 10 (dotted line). 




FIG. 2: The amplitude of A{Sll}^ normalized to e^muoiV) 

vs. TTso- 



and the dimensionless amplitude A given by 



A{x) = 2 



{2 + x)3[l + {1 + x) 



212 



(36) 



As Ttso increases from to infinity, the factor B mono- 
tonically increases from 1/2 to 1. The dimensionless am- 
plitude A is plotted in Fig. 2 as a function of Ttso- It 
vanishes both at Ttso ^ 1 because in this case the two 
spin orientations become equivalent and the system be- 
haves essentially as a one-sub-band conductor, and at 
Ttso ^ 1 because in this case the impurity spins be- 
come completely polarized and no spin-fiip transitions 
take place. 
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V. SUMMARY 

In summary, we have shown that paramagnetic impu- 
rities contribute to the shot noise in ferromagnet - normal 
metal - ferromagnet spin filters with opposite magneti- 
zations of electrodes. Though their contribution to the 
noise is smaller than the contribution of spin-orbit scat- 
tering, it can be distinguished by a characteristic low- 
frequency dispersion that results from impurity-spin re- 
orientations. As the rate of the impurity-spin relaxation 
depends on the energy distribution of electrons in the 



normal metal, this dispersion is affected by the applied 
voltage. Though the present calculations were performed 
for the ideal case of completely polarized electrodes, these 
effects also take place for more realistic systems with par- 
tial polarization. 
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